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1.  INTRODUCTION 


In  the  design  of  ablation  type  components  for  reentry 
vehicles,  it  is  critical  to  be  able  to  predict  the  flow  behaviour 
on  the  complicated  shapes  evolved  during  flight.  The  full  problem 
involves  understanding  the  processes  in,  tor  instance,  a boundary 
layer  with  mass  addition  from  ablation  with  transition  and  maybe 
flow  instability  present.  A useful  input  can  be  obtained  from  the 
testing  of  appropriate  passive,  i.e.,  non  ablating  models  in  flow 
conditions  similar  to  that  expected  to  be  encountered  in  flight. 

Because  of  lack  of  advanced  facilities  in  operation  at 
present,  and  for  economic  reasons,  most  parametric  test  programs 
are  carried  out  at  Mach  numbers  much  below  that  encountered  during 
the  most  critical  reentry  region  with  regard  to  maximum  deceleration 
and  maximum  surface  heating.  Studies  in  the  Longshot  facility, 
described  in  reference  1,  have  the  advantage  that  mainly  exact  simu- 
lation of  Mach  number  and  Reynolds  number  are  achieved  with  full 
size  models.  Hence,  using  this  facility,  checks  can  be  made  on  the 
lower  Mach  number  studies  as  well  as  pinpointing  other  areas  of 
further  necessary  study. 

Figure  1 demonstrates  the  families  of  shapes  which  have 
been  found  on  ablating  reentry  nosetips.  Studies  to  date  have  in- 
cluded measurements  on  50°-8°  biconic  models  (representing  a "blunt 
turbulent  shape")  and  hemispheres  ("spherical").  The  experimental 
measurements  in  laminar,  trans i t i ona 1 , tu rbu 1 ent  flow  on  a variety 
of  smooth  and  rough-walled  models  of  these  types  with  and  without 
nose  bluntness  and  at  various  angles  of  attack,  have  been  compared 
with  appropriate  theories  (Refs.  2,  3).  Pressure  and  heat  transfer 
measurements  have  been  made  on  convex  shapes  (also  representing 
"blunt  turbulent"  shapes,  Ref.  4)  and  on  concave  biconic  surfaces 
(representing  "transitional"  shapes).  A preliminary  phase  of  the 
study  of  "unsteady"  flows  over  concave  shapes  has  also  been  accom- 
pli s hed  ( Ref . 5 ) . 
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In  all  of  these  studies,  the  level  of  achievement  has 
been  in  checking  the  feasibility  of  the  measurement  technique  and 
to  developing  initial  analyses  to  explain  the  results.  The  present 
series  of  tests  involves  a systematic  study  of  the  flow  over  a 
concave  shape  which  is  close  to  the  "unsteady"  family  of  shapes. 

The  study  in  particular  deals  with  the  effect  on  the  flow  of  Mach 
number,  Reynolds  number,  surface  roughness  and  model  incidence. 

Surface  indentation  in  the  nose  region  of  axisymmetric 
blunt  bodies  in  high  speed  flow  has  been  considered  as  a means 
of  decreasing  drag  in  high  speed  cruise  or  glide  vehicles  and 
increasing  drag  in  planetary  reentry  vehicles  as  well  as  occurring 
on  ablating  missile  nose-cones.  For  this  reason  the  subject  has 
attracted  a great  deal  of  interest.  For  some  configurations  of 
surface  indentation  or  concavity,  flow  unsteadiness  occurs.  The 
most  comprehensive  study  made  to  date  on  this  phenomenon  (Ref.  6) 
identifies  three  types  of  flow  unsteadiness  ranging  from  : small 
movements  of  the  shock  waves  induced  by  unsteady  small  separated 
regions  (called  "vibration"  mode  of  instability);  unsteadiness 
involving  larger  movements  of  the  bow  shock  was  designated 
"oscillation";  and  an  explosive  but  periodic  flow  called  "pul- 
sation". The  most  striking  feature  of  the  pulsation  mode  is  the 
movement  of  the  bow  shock  wave  between  the  two  extremes  as  illus- 
trated in  figure  1.  The  information  gained  in  this  study  appears 
to  be  mainly  pulsation  flow. 

Kenworthy  et  al.  (Ref.  7)  reported  a study  to  gain  in- 
sight into  the  "pulsation"  mode  of  instability  using  a spiked  blunt 
body  shape  in  a Mach  6.0  flow  through  application  of  time-dependent 
measurement  techniques  and  simple  shock-polar  analyses.  It  was 
concluded  that  the  unusually  intense  instability  is  associated 
with  the  formation  of  a high  speed  annular  jet  directed  towards 
the  root  of  the  spike  due  to  the  interaction  of  the  weak  foreshock 
and  a strong  aft  shock  present  for  a little  more  than  one  tenth 
of  the  cycle  time  of  the  instability. 


2.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 


2 . 1 Test  faci 1 i ty 

The  von  Karman  Institute  Longshot  test  facility  as  sche- 
matized in  figure  2 was  used  for  this  program.  Longshot  differs 
from  a conventional  gun  tunnel  in  that  a heavy  piston  is  used  to 
compress  the  nitrogen  test  gas  to  very  high  pressures  and  tempe- 
ratures (Refs.  1,  3).  The  test  gas  is  then  trapped  in  a reservoir 
at  peak  conditions  by  the  closing  of  a system  of  check  valves. 

The  flow  conditions  decay  monoton ically  during  10  to  20  milli- 
second running  times  as  the  nitrogen  trapped  in  the  reservoir 
flows  through  the  6°  half-angle  conical  nozzle  into  the  preeva- 
cuated open  jet  test  chamber.  The  extremes  in  supply  conditions 
used  in  these  tests  are  approximately  55,000  lb/in2  at  1900°K  and 
38,000  lb/in2  at  2320°K.  These  provide  unit  Reynolds  numbers  of 
8.5xl06  and  2xl06  per  ft  at  nominal  Mach  numbers  of  15  and  20, 
respectively.  The  two  Mach  numbers  were  obtained  at  the  14  in. 
diameter  nozzle  exit  plane  by  using  throat  inserts  with  different 
di ameters  . 


2 . 2 Models  and  instrumentation 

The  concave  conic  model  designated  Model  M was  supplied 
by  Avco  Systems  Division  and  had  a 0.437  in  radius  noset  ip  and  a 
7.294  in.  base  diameter  (see  Fig.  3).  The  forebody  consisted  ini- 
tially of  a cone  with  an  angle  of  22°  up  until  the  model  diameter 
achieved  a value  of  2.15  in.  The  radius  of  the  generator  defining 
the  convex  forebody  was  2.5  in.  giving  a surface  angle  change  from 
22°  to  approximately  85°.  The  shoulder  of  the  model  was  rounded 
off  to  a radius  of  approximately  0.4  in.  leading  to  an  afterbody 
cone  angl e of  6°  . 

The  model  was  tested  with  two  different  levels  of  sur- 
face roughness.  A sandblasted  surface  roughness  with  a mean 
roughness  height  of  0.005  in.  is  designated  as  model  MR1.  A larger 
scale  of  roughness  was  achieved  by  bonding  spherical  aluminium 
particles  to  the  surface.  This  larger  roughness  scale  configuration 
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using  a particle  size  of  mean  diameter  0.065  in.  is  designated 
model  MR2. 


Ten  copper  calorimeter  heat  transfer  gauges  manufactured 
by  BBN  and  supplied  with  the  models  were  mounted  flush  along  the 
model  surface  as  illustrated  in  figure  2.  The  locations  of  the 
gauges  have  been  designated  A to  J i n order  of  distance  from  the 
nose.  The  heat  transfer  gauges  mounted  at  positions  B,  D,  F and  I 
are  located  on  the  upoer  side  of  the  model  as  mounted  in  the  tunnel 
and  gauges  A,  C,  E,  G and  B are  located  on  the  lower  side  of  the 
model.  Gauge  H is  located  at  30°  around  the  model  from  the  lower 
side.  The  distance  of  the  center  of  each  gauge  from  the  nose  is 
given  in  figure  3.  An  additional  gauge  which  has  been  contoured 
to  fit  the  local  shape  was  placed  on  the  nose  of  the  model.  Ten 
pressure  taps  located  at  stations  A-J  were  mounted  at  positions 
diametrically  opposite  (except  for  gauge  H)  to  the  heat  transfer 
gauges.  Details  of  the  heat  sensors  used  and  the  associated  re- 
cording equipment  is  given  in  references  8 and  9.  The  calibration 
technique  used  for  these  transducers  is  described  in  reference  4. 
The  gauge  calibration  factors  found  and  used  for  data  reduction 
are  given  in  Table  1.  Pressure  measurements  were  made  using  PCB 
piezoelectric  transducers.  This  method  of  measuring  pressures  is 
standard  in  the  Longshot  testing.  No  special  measures  were  taken 
in  order  to  measure  the  expected  high  frequency  fluctuations. 

The  reservoir  pressure  is  measured  using  kistler  Type 
6201  piezoelectric  gauges.  The  reservoir  temperature  was  assessed 
from  signals  from  a tungsten-rhenium  thermocouple  mounted  in  the 
reservoir.  Pitot  pressures  are  measured  with  a PCB  piezoelectric 
transducer.  The  tunnel  test  flow  has  undergone  detailed  calibration 
at  the  four  standard  test  conditions  using  fine  wire  stagnation 
temperature  probes  as  described  in  reference  10. 

2 . 3 Schlieren  photography 

An  18  in  conventional  single  pass  Toepler  schlieren 
system  equipped  with  high  quality  optical  components  is  used. 

With  the  exception  of  one  24  in.  diameter  plane  mirror  to  bend 
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the  light  90°  (due  to  the  vicinity  of  a wall  near  the  test  section) 
the  light  beam  takes  a Z-shaped  path.  High  speed  cine  schlieren 
photographs  w£  e taken  using  a 16  mm  Kodak  cine  camera.  Framing 
rates  of  6,000  per  second  were  achieved  during  the  running  time 
by  operating  the  camera  without  the  rotating  prism  shutter  and 
exposing  the  film  to  sequenced  multiple  sparks  of  approximately 
1 |jsec  duration. 

2 . 4 Test  matrix 

Table  2 gives  the  scope  of  the  test  series  and  identi- 
fies the  test  number  with  each  model  and  flow  configuration.  It 
can  be  seen  that  the  test  series  provides  cross  sections  of  a com- 
plete matrix  involving  the  parameters  of  flow  Mach  number,  Reynolds 
number,  surface  roughness  and  angle  of  incidence.  The  Jest  condi- 
tions given  in  this  table  are  nominal  values.  The  actual  test  con- 
ditions were  calculated  from  appropriate  measurements  using  the 
Longshot  data  reduction  progrin  (described  in  Ref.  8)  and  summa- 
ri zed  in  Table  3 . 


3.  RESULTS  AND  DISCUSSION 


3 . 1 Presentation  of  time-averaged  results 
and  general  remarks 

The  overall  time  averaged  measurements  of  the  study  are 
presented  in  figures  5,  6 and  7.  These  are  displayed  in  such  a way 
as  to  facilitate  the  discussion  of  the  effects  of  changing  various 
parameters.  The  dimensional  beat  transfer  rate,  normalized  heat 
transfer  rate  and  normalized  pressure  are  given  in  the  figures 
designated  b,  c and  d,  respectively.  Selected  sequences  of  photo- 
graphs  from  the  cine  schlieren  flow  visualizations  are  given  in 
the  figures  designated  a.  Figure  5 represents  the  results  taken 
on  models  MR1  and  MR2  at  nominal  conditions  of  M = 16  and  Re  = 

9*106  per  foot  at  a = 0°,  +3°  and  -3°.  Figure  6 gives  the  results 
on  the  same  models  and  at  the  same  incidences  at  M = 20,  and 
Re  = 3*106  per  foot.  The  final  figure  7 presents  results  on  these 
models  at  M = 16  and  Re  = 4.5*106  per  ft  and  M = 20  and  Re  = 2*106 
per  foot  at  zero  angles  of  attack. 

The  experimental  and  normalized  results  for  all  tests 
are  also  presented  in  Tables  4-7.  The  pressures  are  normalized 
with  respect  to  the  pitot  pressure,  which  is  assumed  to  be  the 
same  as  the  stagnation  point  pressure.  The  heat  transfer  rates 
are  normalized  with  respect  to  the  theoretical  stagnation  point 
heat  transfer  on  a 0.437  in.  radius  hemisphere,  whose  value  is 
given  in  Table  3,  and  which  is  calculated  from  free  stream  con- 
ditions using  the  Fay  and  Riddel  formula  as  presented  in  Ref.  8. 

A negative  incidence,  a,  in  the  figures  represents  a 
"leeward"  surface,  and  a positive  value  a "windward"  surface.  Since 
during  one  particular  test  some  heat  transfer  gauges  are  on  a 
windward  surface  when  the  pressure  at  the  same  distance  from  the 
leading  edge  is  on  the  leeward  surface  and  vice  versa,  the  figures 
are  rearranged  to  align  data  on  surfaces  with  the  same  attitude 
to  the  flow  rather  than  in  terms  of  run  numbers  (as  in  the  case 
of  the  tabulated  data).  In  order  to  interpret  the  location  of  the 
data,  in  the  tables  "t"  is  used  for  measurements  on  the  top  surface, 
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"b"  denotes  bottom  (or  lower)  surface  and  "s"  represents  a side 
position. 


3 . 2 Discussion  of  measurements 

3.2.1  Hme;averaged_pressure_rneasurements 
(Figures  5d,  6d,  7d) 

For  the  0°  and  -3°  cases,  in  general,  the  time-averaged 
pressure  measurements  show  a flat  pressure  distribution  with  dis- 
tance sensed  by  the  gauges  in  the  region  of  1.5  to  4.5  ins.  from 
the  nose.  This  observation,  backed  up  by  examination  of  the 
schlieren  photographs  indicate  that  there  exists  a large  separated 
region  extending  over  this  range  for  these  angle  of  attack  cases. 
The  pressure  level  in  this  region  can  be  assessed  approximately 
by  guessing  the  displacement  thickness  of  the  separated  region  and 
then  calculating  the  pressure  distribution  assuming  inviscid  flow 
over  the  resultant  effective  body  shape.  If  we  assume  that  the 
shear  layer  extends  from  the  nosetip  shoulder  to  the  afterbody 
shoulder,  its  angle  to  the  flow  for  angles  of  incidence  of  -3°,  0° 
and  +3°  would  be  37°,  40°  and  43°  respectively. 

For  these  angles  the  pressure  non-d imens i ona 1 i zed  by  the 
pitot  pressure  in  the  separated  region  as  predicted  by  Newtonian 


theory  and  tangent  cone 

fol 1 ows 

theory  in 

the  range 

15  < M < 20 

Angle  of  incidence 

-3° 

0° 

3° 

Newtonian  theory 

0.362 

0.413 

0.465 

Tangent  cone  theory 

0.417 

0 .476 

0.537 

Comparing  these  values  with  the  measurements  it  is  seen  that  the 
measured  pressure  levels  are  roughly  predicted  by  this  simple 
analysis  at  least  for  the  0°  and  -3°  incidence  cases. 

Generally,  for  the  +3°  incidence  cases,  the  pressure 
falls  below  the  above  tabulated  values  near  the  nose,  but  increases 
rapidly  over  the  remaining  position  of  the  forebody  to  values  often 


greater  than  the  stagnation  point  pressure.  This  arises  since  the 
separated  region  of  flow  is  smaller,  the  intersection  of  the  bow 
shock  and  aft  shock  wave  occurs  above  the  surface  in  front  of  the 
shoulder  as  seen  in  the  schlieren  photographs,  with  the  resulting 
interaction  occurring  near  the  shoulder. 

3.2.2  IiQ!e-average_heat_transfer_ rates 

In  these  discussions  it  is  chosen  to  make  use  of 
the  non-dimensional  heat  transfer  results  given  in  figures  5c,  6c 
and  7c. 


Zero  angle  of  attack  cases  : The  shape  of  the  distribu- 
tion of  normalized  heat  transfer  with  distance  is  similar  in  all 
cases.  The  heat  transfer  drops  to  around  20%  of  the  stagnation 
point  value  at  the  beginning  of  the  concave  surface  and  then  rises 
monotonical ly  to  a value  above  the  stagnation  point  value  just 
ahead  of  the  shoulder.  The  increase  in  heat  transfer  rate  with 
distance  in  regions  in  which  the  pressure  is  constant  over  the 
concave  surface  indicates  that  the  flow  is  transitional.  (If  the 
flow  had  been  fully  laminar,  or  fully  turbulent,  then  for  these 
large  separated  regions  it  would  have  been  expected  that  constant 
heati ng  be  present)  . 

Comparison  of  measurements  on  models  MR1  (low  roughness) 
and  MR2  (high  roughness)  indicate  a slight  lowering  in  heat  trans- 
fer distribution  with  increasing  roughness.  No  other  information 
on  heating  within  extensive  separation  regions  with  surface  rough- 
ness is  known  to  the  author  to  check  this  observation.  It  is 
pointed  out,  however,  for  these  rough  models,  that  the  heat  trans- 
ter  gauges  lie  below  the  mean  surface  and  may  be  sensing  local 
interactions  caused  by  the  roughneu  elements  themselves.  It  is 
thus  expected  that  the  results  on  the  rough  surface  model  will  be 
more  scattered  and  less  accurate  than  those  on  the  smoother  models. 
This  must  be  taken  into  account  in  the  interpretation  of  the  data. 

For  the  same  surface  roughness  case  it  is  observed  that 
decreasing  the  Reynolds  number  decreases  the  normalized  heat  trans- 
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fer  rate  on  the  later  sections  of  the  concave  surface.  This  is  an 
indication  that  the  transition  point  is  delayed  with  decreasing 
Reynolds  number.  The  fact  that  little  effect  was  found  with  changing 
surface  roughness  for  the  same  conditions  mentioned  in  the  last 
paragraph  indicates  that  surface  roughness  does  not  play  a role  in 
the  transition  process  within  a separated  flow.  It  is  difficult  to 
separate  the  Mach  number  behaviour  from  the  Reynolds  number  behaviour 
mentioned  earlier.  However,  the  impression  given  is  that  there  ap- 
pears to  be  little  significant  effect  of  changing  the  Mach  number. 

Positive  angle  of  attack  cases  : Measurements  of  heat 
transfer  on  positive  angle  of  attack  surfaces  compared  with  those 
at  zero  angle  of  attack  show  a similar  trend  to  that  in  the  pres- 
sure measurements,  i.e.,  higher  heat  transfer  rates  on  the  later 
stages  of  the  model  concave  surface.  This  again  denotes  the  presence 
of  earlier  flow  separation  and  hence  the  earlier  effects  of  the 
interaction  behind  the  bow  shock  after  shock  interaction.  It  is 
seen  that  just  ahead  of  the  shoulder  heat  transfer  rates  as  high 
as  600  BTU/ft2sec  and  twice  the  stagnation  point  heat  transfer 
are  achieved. 

A small  effect  of  increasing  roughness  is  seen.  This 
amounts  to  an  earlier  decrease  in  heat  transfer  rate  and  a later 
increase  in  heat  transfer  rate  with  increase  in  surface  roughness. 

A change  in  conditions  from  M = 16,  Re  = 9*106  /ft  to  M = 20, 

Re  = 3xl02  per  foot  causes  a decrease  in  normalized  heat  transfer 
rate  similar  to  (and  hence  for  similar  reasons)  the  zero  incidence 
case . 


Negative  angle  of  attack  cases  : Measurements  of  heat 
transfer  rate  on  negative  angle  of  attack  surfaces  compared  with 
those  at  zero  angle  of  attack  again  show  a less  steep  variation 
in  heat  transfer  rate  with  distance,  giving  lower  heat  transfer 
rates  just  before  the  shoulder.  This  denotes  the  presence  of 
slightly  later  flow  separation  than  for  the  zero  angle  of  attack 


case . 


As  for  the  other  angle  of  attack  cases,  there  is  a trend 
of  slightly  decreasing  heat  transfer  rates  v/ith  increasing  surface 
roughness.  Also  a change  in  conditions  from  M = 16,  Re  = 9*106  /ft 
to  M = 20,  Re  = 3xl06  /ft  provides  a lowering  of  the  non-dimensional 
heating  rate. 

3.2.3  Ii5§_degendent_gressure_measurements 

§Qd_ghotograghy 

The  pressure  measuring  system,  although  making  use  of 
fast  response  PCB  piezo-electric  transducers,  is  limited  in  res- 
ponse by  the  pneumatic  connection  from  the  surface  tap  to  the 
transducer.  Both  the  volume  of  transducer  and  length  of  connection 
was  kept  to  a minimum,  however,  the  frequency  response  was  assessed 
to  be  no  better  than  5 kHz.  Furthermore,  the  U.V.  recorder  galvano- 
meters used  had  a response  of  5 kHz.  This  is  the  standard  measuring 
system  used  in  the  Longshot  tunnel  for  measuring  quasi  steady 
pressures  during  the  10  msec  duration  testing  time.  Use  of  flush- 
mounted  gauges  was  impractical  because  the  transducer  heads,  which 
had  flat  surfaces,  were  not  small  enough  that  they  could  be  con- 
sidred  "contoured"  with  the  surface.  Furthermore,  it  would  have 
been  impossible  to  instrument  the  model  with  as  much  spatial  reso- 
lution as  that  obtained  using  taps. 

The  copper  calorimeter  heat  transducers,  also,  have  a 
response  time  no  better  than  1 msec,  and  the  signal  recorded  is 
an  integral  of  the  heat  transfer  sensed  in  any  case  such  that 
data  reduction  to  obtain  unsteady  information  would  be  difficult. 

Hence,  such  instrumentation  is  unsuitable  for  meas- 
uring flow  unsteadiness  when  present. 

The  observations  for  flow  unsteadiness  were  hence  based 
on  the  pressure  measurement  signals  backed  up  by  cine  photograph 
sequences  at  6000  frames/sec.  Examples  of  photographs  taken  during 
an  unstable  period  are  shown  in  figure  8.  One  channel  of  pressure 
measurement  near  the  shoulder  was  normally  recorded  on  an  oscil- 
loscope. However,  although  the  basic  frequency  of  the  unsteadiness 
of  approximately  2 kHz  was  lower  than  the  frequency  response  of  the 
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system,  the  signals  were  characterized  by  spikes  which  were  not 
faithfully  followed  by  the  signal.  This  information  should  be  taken 
into  account  in  the  following  interpretation. 

The  region  in  which  the  pressure  transducers  most  easily 
detected  flow  instability  was  in  the  region  just  ahead  of  the 
shoulder.  It  is  in  this  region  that  the  instantaneous  gradient  in 
pressure  is  the  largest,  due  to  the  interaction  region  downstream 
of  the  shock  wave  intersection  and  hence  movement  of  the  shock 
waves  caused  by  the  instability  will  have  most  effect.  Since  the 
region  of  very  high  instantaneous  pressure  is  very  localized,  then 
the  signal  expected  will  consist  of  the  "spikes"  in  signal  con- 
tained in  a relatively  low  pressure  level  as  in  fact  recorded 
and  alluded  to  in  the  last  paragraph.  This  is  indeed  the  case  as 
shown  in  figure  9. 

In  nearly  all  of  the  cases  tested  was  there  found  to  be 
stable  flow  throughout  most  of  the  running  time  of  the  tests.  The 
experience  is  found  that  there  are  periods  during  which  instability 
occurs.  This  would  tend  to  indicate  that  the  shape  for  the  parti- 
cular conditions  tested  is  intermediate  to  one  being  stable  and  one 
being  unstable.  Experience  (Ref.  11)  has  indicated  that  the  boun- 
dary between  stable  and  unstable  flow  is  a very  sharp  one  as  found 
by  decreasing,  in  small  steps,  the  length  of  a spike  mounted  on 
a blunt  body.  In  the  present  tests,  a small  change  in  test  condi- 
tions or  a small  test  flow  perturbation  could  be  envisaged  to 
change  the  flow  from  a steady  to  an  unsteady  flow  situation  and 
back  again.  In  the  several  occasions  that  repeat  tests  were  made, 
it  was  found  that  instability  did  not  occur  at  exactly  the  same 
period  in  each  test,  hence  it  is  concluded  that  the  instability  is 
more  likely  to  be  triggered  by  tunnel  flow  instabilities  rather 
than  gradually  changing  flow  conditions.  From  neither  the  cine 
schlieren  photograph  sequences  nor  the  pressure  fluctuation  photo- 
graphs was  it  easy  to  assess  accurately  the  periods  of  instability 
(although  a burst  of  "noise"  seen  on  the  pressure  traces  in  the 
appropriate  region  was  accompanied  by  changing  shock  shapes  in 
the  photograph  at  equivalent  times)  hence  in  the  ensuing  discussion. 


some  subjectivity  must  be  present.  Another  feature  is  that  sig- 
nals recorded  near  reattachment  points  are  likely  to  be  noisy  in 
any  case  because  of  the  inherent  unsteadiness  involved  with  even 
so  called  steady  flow  situations  (see  Ref.  12). 

3.2.4  Detailed_examinatign_gf_unsteady 
.characteristics 

Mnom  = Re  = 9xl06  per  foot  cases,  a = 0°  and  3° 

At  zero  angle  of  attack,  mild  instability  occurs  at 
several  times  during  a test  with  a larger  proportion  of  time 
unstable  for  the  smooth  model  than  the  rougher  model.  The  fre- 
quency is  around  2000±10%  equivalent  to  a Strouhal  number  (Str) 
of  0.17±10%.  This  is  the  same  value  as  found  in  the  previous 
preliminary  study  recorded  in  reference  5. 

For  the  smooth  model  at  3°  angle  of  attack,  the  "wind- 
ward" surface  is  always  found  to  be  unstable,  as  is  the  "leeward" 
surface  except  for  the  first  two  milliseconds.  The  instability 
of  the  leeward  surface  appears  to  be  forced  by  the  behaviour  on 
the  windward  surface.  The  instability  of  the  flow  on  the  windward 
surface  of  the  model  at  3°  angle  of  attack  compared  to  zero  angle 
of  attack  is  expected,  because  of  the  shape  change  presented  to 
the  flow  : the  latter  stages  of  the  forebody  has  a high  angle  to 
the  flow,  and  also  the  change  in  incidence  causes  an  effective 
decrease  in  the  "spike  length  to  diameter  ratio".  Again  the  fre- 
quency of  oscillation,  very  much  more  evident  from  the  windward 
pressure  tap  than  the  leeward  one,  indicates  a frequency  of  ap- 
proximately 2000  (Str  = 0.17).  With  a rougher  surface,  however, 
the  flow  becomes  relatively  stable  as  seen  on  the  pressure  traces. 

Mnom  = 20 ’ Re  = 3xl°6  Per  foot  cases,  a = 0°  and  3° 

For  the  smoother  model  atzercangle  of  attack  a mild 
instability  is  sensed  during  the  whole  tets.  The  frequency  is 
assessed  to  be  around  2100Hz±10%  giving  a Strouhal  number  of 
approximately  0.16.  For  the  rougher  body  case,  the  flow  is  more 
stable,  but  several  bursts  of  instability  occur  during  the  test. 
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The  bursts  exist  for  such  a small  period  that  it  is  difficult 
to  assess  the  frequency  of  oscillation. 

For  angle  of  attack  cases  mild  oscillation  is  found  for 
all  cases.  The  schlieren  photographs  recorded  at  these  test  condi- 
tions are  difficult  to  interpret  because  of  the  existence  of  in- 
tense radiation  emitted  by  dust  particles  heated  to  high  temper- 
atures behind  strong  (normal)  shock  waves,  which  cannot  be 
el imi nated . 

= 16,  Re  = 5xl06  per  foot  cases,  a = 0° 
nom  r 

For  both  models  MR1  and  MR2  the  flow  starts  stable  and 
after  a certain  delay,  the  flow  goes  unstable.  However,  the  delay 
for  the  model  MR2  is  longer  than  for  MR2.  The  frequency  is  again 
close  to  2000  Hz  giving  a Strouhal  number  of  0.16. 

Mnom  = 20*  Re  = 2*106  per  foot  cases,  a = 0° 

For  both  models,  the  flow  appears  quite  stable  except 
for  bursts  of  mild  instability.  The  rougher  model  MR2  shows  less 
instability  than  the  smoother  model  MR1.  The  bursts  of  instability 
are  so  short  that  it  is  difficult  to  assess  their  frequency. 

Summarizing,  the  test  series  indicate  that  instabilities 
occur  during  part  of  all  the  tests.  Increased  roughness  has  the 
effect  of  suppressing  the  instabilities.  In  most  of  the  cases,  the 
instability  is  amplified  when  the  model  incidence  is  changed  to 
3°  from  zero  degrees.  There  appears  to  be  no  understandable  trend 
of  presence  of  instability  over  the  range  16  < M < 20  and 
2x 106  < Re/ft  < 9x  106  . The  reduced  frequency  (Strouhal  number)  of  the 
main  instability  is  approximately  0.16-0.17  over  this  range  of 
conditions.  This  agrees  with  the  findings  from  an  earlier,  but 
less  complete  study  carried  out  in  Longshot  tunnel  and  reported 
In  reference  5. 
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3 . 3 Discussion  of  results  related  to  evolution 
of  ablation  nosetip  shapes 

The  results  from  this  study  and  earlier  studies  can  be 
related  to  the  evolution  of  ablating  nose-tips  (Fig.  1).  Due  to 
transitional  flow,  then  hollow  models  can  be  formed  by  reason  of 
the  peak  heating  occurring  away  from  the  stagnation  point.  For 
moderately  concave  models,  the  interaction  obtained  causes  heat 
rates  to  be  highest  in  the  concave  regions  themselves  causing 
the  concavity  to  increase  (Ref.  3).  At  some  stage,  the  concavity 
reaches  such  a level,  that  the  flow  becomes  separated  causing 
the  heating  peak  to  shift  to  the  shoulder  (Ref.  3).  In  some  cases 
instabilities  occur  such  as  found  in  the  present  study.  The  mea- 
surements show  several  mechanisms  for  the  shoulder  to  be  eroded. 
Firstly,  the  heating  rate,  even  the  averaged  value  during  un- 
steady flow  situations  is  highest  near  the  shoulder.  Secondly, 
intense  fluctuating  loadings  on  the  shoulder  caused  by  the  in- 
stability could  cause  a mechanical  erosion  of  the  surface.  Both 
of  these  actions  could  cause  the  nosetip  to  assume  the  "sharp 
turbulent"  configuration  shown  in  figure  1. 


4.  CONCLUSIONS 


Pressure  and  heat  transfer  measurements  and  high  speed 
schlieren  visualization  of  the  flow  were  made  on  a concave  conic 
shape  with  a spherical  nosetip  tested  in  the  flow  of  the  von 
Karman  Institute  Longshot  facility  at  nominal  Mach  numbers  of 
16  and  20  and  Reynolds  numbers  of  9xl06  and  4.5xl06,  and  3.0xl06 
and  2.0xl06  per  ft  respectively.  The  effect  of  surface  roughness 
and  flow  incidence  of  ±3°  on  the  measurements  was  studied.  The 
shape  was  characterized  by  being  strongly  concave  (i.e.,  small 
longitudinal  radius  of  curvature)  with  the  late  stages  of  the 
surface  showing  an  angle  of  85°  to  the  flow. 

For  these  models  and  under  the  test  conditions  chosen 
it  is  found  that  instabilities  having  a reduced  frequency  of 
approximately  0.17  occur  during  part  of  the  testing  time. 
Increased  surface  roughness  has  the  effect  of  suppressing  the 
instabilities,  but  the  instability  is  enhanced  when  the  incidence 
is  changed  from  0°  to  3°.  No  clear  trend  of  the  existence  of 
instability  with  changing  flow  conditions  occurs. 

The  time-averaged  measurements  give  heat  transfer  and 
pressure  distributions  typical  of  those  expected  of  regions  of 
large  transitional  separation,  i.e.,  flat  distributions  followed 
by  peaky  values  near  reattachment  points  occurring  just  upstream 
of  the  reattachment  point.  The  changes  in  distribution  sensed  are 
affected  mainly  by  the  flow  conditions  (changes  shear  layer  tran- 
sition point)  and  angle  of  incidence  (changes  reattachment  point) 
Surface  roughness  appears  to  affect  little  the  measurements  withi 
these  large  separated  regions.  The  high  values  of  heating  sensed 
near  the  shoulder  is  likely  to  cause  an  ablating  nose  to  achieve 
a less  strongly  concave  shape. 
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TABLE  1 - HEAT  SENSOR  CALIBRATION  INFORMATION 


Position  | Gauge 

I 

I 


+ 


Stagn. point 
A 
B 
C 
D 
E 
F 
G 
H 
I 


7 

20 

15 
19 
14 

5 
2 

18 

16 

6 

17 


No 


Calibration  constant  used 


B .Th . U/f t2sec 
mv  / sec 


C 

0 

0 

0 

0 

0 

0 

0 

0 


TABLE  2 - TEST  IDENTIFICATION 


INCIDENCE 

( 

)° 

+ 3°  - 

-3° 

MODEL 

MR  1 

MR2 

MR  1 



MR2 

... 

MR  1 

MR2 

M = 16 

Re  = 9*  106 

585 

( 596  ) 

600 

( 599  ) 

594 

( 595  ) 

607 

593 

606 

M = 16 

Re  = 5 x 1 0 6 = 

588 

( 598  ) 

601 

- 

- 

m 

603 

591 

604 

592 

605 

M = 20 

Re  = 2* 106 

590 
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after  the  stagnation  point  fitted  with  a 
pressure  tap 

- in  the  graphs  +ve  incidence  means  a windward  surface 
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code  : b - gauge  on  bottom  of  model;  t - top; 
+ ve  incidence  means  top  surface  is  leeward 


TABLE  5 - NON-DIMENS IONALIZED  HEAT  TRANSFER  MEASUREMENTS 


- 28  - 


I 


TABLE  6 - PRESSURE  MEASUREMENTS 


29 


Y 


LO 

cr* 

CT> 

o 

cr* 

LO 

LO 

^p 

r-H 

rH 

►— « 

-O 

1 

1 

1 

LO 

cr* 

00 

1 

CM 

1 

1 

1 

LO 

cr* 

CO 

1 

«P 

rH 

^P 

CM 

rH 

CM 

LO 

CO 

LO 

p^ 

00 

LO 

CM 

LO 

p^» 

LO 

o 

LO 

cr* 

CO 

LO 

rH 

p>- 

cr* 

LO 

P^ 

□c 

4-> 

1 

CM 

O'* 

r-H 

r-H 

*_» 

cr* 

00 

CO 

CO 

LO 

co 

LO 

CM 

CM 

r-H 

r-H 

rH 

r-H 

CM 

oo 

rr» 

CM 

co 

LO 

00 

CM 

LO 

CM 

CM 

cr* 

LO 

rH 

r-H 

CM 

o 

LO 

CO 

r-H 

rH 

r-H 

rH 

CD 

o 

oo 

co 

O 

cr* 

CO 

co 

co 

CO 

LO 

CM 

CM 

tH 

r-H 

r-H 

rH 

LO 

CM 

LO 

00 

co 

LO 

CO 

o 

o 

CM 

o 

co 

co 

LO 

LO 

*P 

LO 

LO 

CM 

rH 

Lu 

jQ 

rH 

rH 

CM 

o 

CM 

r-H 

co 

co 

CO 

CO 

•3- 

CO 

CM 

CM 

rH 

r * 

r-H 

r-H 

f_H 

r-H 

LO 

o 

LO 

*p 

LO 

CM 

rH 

o 

LO 

CM 

o 

LO 

00 

00 

cr* 

CO 

CM 

LO 

O 

rH 

CM 

LlJ 

+-> 

CXI 

O'* 

Oi 

r-H 

rH 

rH 

r-» 

CO 

CM 

CO 

CM 

CO 

*p 

CM 

CM 

rH 

r-H 

rH 

rH 

«o 

r-H 

p^ 

LO 

CO 

CM 

CM 

r-H 

LO 

rH 

LO 

00 

CM 

CM 

O 

rH 

O 

JD 

CM 

00 

cr* 

r-H 

O 

r-H 

LO 

CO 

CM 

CM 

CO 

co 

CO 

CM 

CM 

r— H 

r-H 

r-H 

r-H 

CM 

CO 

LO 

00 

LO 

O 

r-H 

rH 

LO 

CM 

CM 

rH 

'0 

00 

CO 

^p 

O 

CM 

CD 

CJ 

4-> 

o 

00 

cr* 

o 

r-H 

rH 

oo 

00 

1 

CM 

CM 

co 

co 

CO 

CM 

CM 

-O 

r-H 

r-H 

r-H 

r-H 

(/* 

CM 

*^p 

o 

CM 

o 

00 

*P 

1 

LO 

cr 

00 

cr* 

CO 

o 

O 

CM 

co 

o 

CM 

LO 

CM 

to 

CO 

JD 

r-H 

1 

cr* 

o 

cr* 

rH 

CO 

CO 

co 

CO 

CM 

CM 

CL 

CM 

cr* 

CO 

co 

P^ 

LO 

O 

4-> 

+- 

<XJ 

o 

LO 

00 

CM 

rH 

r— H 

O 

r-H 

C<J 

o 

CM 

CM 

rH 

4-> 

r-H 

O'* 

o 

o 

cr* 

rH 

co 

CO 

CO 

CO 

CO 

CO 

CM 

CM 

1 

r-H 

r-H 

rH 

rH 



4-J 

h- 

O 

o 

cr* 

O 

r-H 

•« 

o 

O'* 

CM 

cr* 

LO 

LO 

f"». 

co 

co 

00 

oo 

LO 

CM 

CM 

LO 

CO 

r"“ 

1 — 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CD 

►— « 

P"- 

CT> 

p^ 

r-H 

o 

Oi 

00 

oo 

C". 

CO 

p^ 

LO 

*P 

TJ 

o_ 

CM 

CM 

CM 

CO 

co 

CM 

rH 

rH 

o 

E 

z 

# 

CO 

CO 

o 

LO 

00 

rH 

cr* 

rH 

CM 

CO 

LO 

o 

CM 

4- 

ZD 

o 

00 

cr* 

rr> 

o 

o 

O 

00 

o 

00 

cr* 

cr* 

o 

o 

o 

a* 

O 

O 

or 

z 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

E 

L/) 

o 

4-> 

• 

CD 

* 

4-> 

Q 

CD 

O 

►— H 

S- 

O 

CO 

CO 

o 

co 

CO 

o 

o 

o 

co 

co 

o 

CO 

CO 

o 

O 

C_) 

a* 

+ 

i 

+ 

1 

+ 

i 

+ 

1 

z 

CD 

*-H 

“O 

o 

CD 

__J 

LU 

r-H 

CM 

rH 

CM 

rH 

CM 

rH 

CM 

a* 

Q 

O' 

an 

cm 

cm 

cm 

cm 

cm 

cm 

3 

O 

z 

z 

z 

z 

z 

z 

z 

z 

ro 

z 

cr* 

CD 

i 

1 

-O 

o 

cr* 

CM 

r-H 

r-H 

cr* 

CM 

LO 

CO 

cr* 

cr* 

oo 

cr* 

00 

00 

00 

rH 

1 

• 

• 

• 

• 

• 

■ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

4-> 

CXD 

CT> 

a* 

o 

cr* 

cr* 

LO 

CM 

CM 

CM 

CM 

CM 

CM 

rH 

rH 

CD 

4- 

cm 

CD 

. . ...  _____  _ 

..  - 

_ 



— - 

"O 

o 

CM 

<p 

rH 

o 

CM 

CM 

LO 

LO 

LO 

LO 

rH 

LO 

LO 

o 

z 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

cr* 

cr* 

cr* 

cr* 

cr* 

cr* 

oo 

<T* 

r-H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

4- 

L 


+ve  incidence  means  top  surface  is  leeward 


TABLE  7 - NON-DIMENSIONAL  PRESSURE  MEASUREMENTS 


30 


LO 

O 

co 

cn 

CO 

r-H 

r-H 

co 

O 

00 

CO 

^3 

rH 

JD 

1 

1 

1 

LO 

LO 

cn 

1 

LO 

1 

1 

1 

r-H 

^3 

1 

00 

O 

r-H 

0 

O 

O 

r-H 

O 

0 

00 

CO 

r-H 

cn 

cn 

cn 

n** 

LO 

r-H 

*3- 

co 

r^. 

r- 

LO 

rH 

O 

r^. 

O 

r-H 

LO 

cn 

CM 

«3 

LO 

co 

00 

LO 

JO 

+-> 

1 

<3" 

r*>. 

co 

co 

r*. 

LO 

^3 

«3 

LO 

*3- 

cn 

3 

LO 

O 

O 

O 

O 

O 

0 

0 

O 

O 

O 

O 

O 

0 

O 

O 

LO 

00 

^3 

CO 

00 

00 

00 

LO 

O 

LO 

*3* 

LO 

r— H 

r>* 

00 

r^. 

CM 

CM 

00 

co 

CO 

0 

cn 

LO 

cn 

cn 

cn 

*3" 

o 

4-> 

co 

CM 

«3- 

co 

CO 

co 

co 

*3- 

co 

*3- 

^3 

*3" 

LO 

co 

3 

0 

O 

O 

0 

0 

0 

0 

0 

O 

0 

O 

O 

O 

0 

0 

O 

LO 

r3 

r-H 

CM 

CO 

cn 

r-H 

LO 

LO 

00 

LO 

LO 

LO 

0 

c n 

r-H 

cn 

r-* 

CO 

cn 

CM 

LO 

r>- 

«3 

rH 

*3- 

Ll. 

JO 

co 

CO 

co 

co 

co 

co 

*3- 

*3 

*3- 

*3- 

LO 

*3- 

«3 

*3- 

0 

0 

O 

0 

0 

O 

0 

O 

O 

O 

O 

O 

O 

O 

O 

O 

*3- 

co 

r-H 

LO 

cn 

r-H 

LO 

r-H 

LO 

00 

CM 

CO 

C-. 

LO 

LO 

LO 

co 

0 

«3" 

LO 

LO 

cn 

CM 

CM 

co 

co 

r-H 

CM 

*3- 

00 

LO 

LU 

4-> 

CO 

co 

CO 

CO 

co 

^3 

co 

^3 

CO 

*3- 

LO 

co 

^3 

0 

0 

0 

0 

0 

0 

0 

O 

O 

0 

O 

0 

O 

O 

0 

O 

f". 

00 

c- 

CM 

LO 

r-H 

r-H 

LO 

*3- 

00 

0 

cn 

cn 

rH 

co 

cn 

CO 

LO 

*3 

LO 

CnJ 

O 

LO 

LO 

LO 

r-H 

co 

LO 

3 

Q 

-Q 

CM 

co 

co 

co 

co 

CO 

«3- 

CO 

CO 

CO 

*3- 

*3" 

«3 

co 

*3- 

0 

O 

0 

0 

O 

0 

O 

0 

0 

0 

0 

0 

O 

O 

0 

O 

C\J 

00 

LO 

LO 

LO 

CO 

LO 

00 

LO 

00 

CM 

LO 

‘O 

*n 

CM 

co 

LO 

co 

r-H 

CO 

O 

LO 

LO 

O 

4-> 

CO 

CM 

CO 

co 

co 

co 

O’ 

1 

co 

CO 

LO 

*3- 

^3 

co 

*3 

O 

0 

0 

0 

O 

0 

O 

0 

O 

0 

0 

O 

O 

0 

O 

LO 

co 

O 

^3 

r-H 

0 

n- 

LO 

00 

*3- 

O 

cn 

LO 

r-H 

co 

CM 

CO 

O 

CM 

r-H 

00 

LO 

LO 

LO 

co 

LO 

LO 

CO 

_Q 

1 

co 

CO 

CO 

co 

*3 

*3" 

LO 

co 

LO 

*3- 

CO 

*3- 

*3- 

*3" 

O 

0 

0 

O 

0 

O 

O 

O 

O 

0 

0 

0 

0 

0 

O 

•H 

00 

s 

O 

n- 

00 

CO 

CM 

00 

cn 

LO 

0 

cn 

O 

0 

co 

CM 

00 

00 

00 

r-H 

*3- 

LO 

*3" 

0 

co 

c 

4-> 

^3 

CO 

co 

co 

co 

co 

co 

CO 

*3- 

co 

*3- 

*3- 

co 

<3- 

^3 

^3 

O 

0 

0 

0 

0 

O 

0 

0 

O 

O 

0 

O 

0 

O 

0 

O 

z 

LO 

*3* 

CO 

0 

LO 

00 

r— H 

cn 

r-H 

CM 

CO 

<3- 

LO 

0 

CM 

ZD 

O 

00 

cn 

cn 

0 

O 

0 

co 

O 

00 

cn 

cn 

0 

0 

O 

cn 

0 

a: 

z 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

CO 

LO 

LO 

LO 

LO 

c/> 

o 

<D 

<D 

0 

co 

co 

0 

co 

co 

O 

O 

O 

co 

co 

O 

CO 

CO 

O 

0 

o 

z 

cn 

•0 

+ 

1 

+ 

1 

+ 

1 

+ 

1 

_l 

LU 

r-H 

CM 

r-H 

CM 

r-H 

CM 

rH 

CM 

O 

on 

on 

on 

on 

on 

on 

on 

on 

o 

2: 

2: 

2: 

2: 

SI 

2: 

2: 

D 

1 

0 

Cn 

CM 

r-H 

r-H 

cn 

CM 

LO 

co 

cn 

cn 

00 

cn 

00 

00 

00 

f-H 

1 

• 

• 

• 

• 

• 

• 

• 

• 

• 

4-> 

00 

cn 

cn 

O 

cn 

cn 

LO 

CM 

CM 

CM 

CM 

CM 

CM 

rH 

rH 

Q) 

<4- 

r-H 

C£L 

*3- 

CM 

^3- 

r-H 

^3- 

0 

CM 

CM 

LO 

LO 

VO 

LO 

r-H 

LO 

LO 

21 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

cn 

cn 

cn 

cn 

cn 

cn 

CO 

cn 

rH 

rH 

»-H 

r-H 

r-H 

r-H 

r-H 

r-H 

r-H 

r-H 

rH 

rH 

r-H 

r— H 

rH 

r-H 

J, 


1 . SPHERICAL 


FIG.  1 


NOSETIP  SHAPE  EVOLUTION 


FIG.  2 SCHEMATIC  OF  THE  LONSSHOT  FREE  PISTON  TUNNEL 


DIMENSIONS  IN  INCHES 


POSITION  OF  GAUGES  , S , I NS  F ROM  STAG.  PT 


■mm. iwwsips 

l|SHpp::  I 

■ mv*  i 

1 

s w 

- P^h. 

1 * ' 

$0 

HEAT  TRANSFER  RATE  B.Th.U 


NON  DIMENSIONAL  HEAT  TRANSFER  RATE 


MODEL  MR1 


MODEL  MR2 


MEAN  LINE  THROUGH  RESULTS 


123456  123456 


DISTANCE  FROM  NOSE  INS 
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FIG.  6d  _ NON-DIMENSIONAL  PRESSURE  MEASUREMENTS 
M = 19  j Re  = 3 x IC^/ft 
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